Introduction {#section1-2058738420942386}
============

Bronchial asthma is a heterogeneous disease characterized by chronic inflammation and bronchial remodelling, associated with their hyperresponsiveness and variable, often reversible airflow obstruction. It manifests itself as recurrent episodes of wheezing, cough, breathlessness and chest tightness.^[@bibr1-2058738420942386]^ It is assumed that bronchial asthma currently affects more than 300 million people worldwide, of which approximately 180,000 die from the consequences of bronchial asthma annually (the probability of death increases with age). Also, the prevalence of asthma increases by up to 50% every 10 years; therefore, asthma became one of the most common chronic diseases in general.^[@bibr2-2058738420942386]^

Both the definition and diagnostics of bronchial asthma are based on two cornerstones: the evidence of reversible airway obstruction and airway inflammation. Although we currently have powerful tools to detect these both two phenomenons (e.g. pulmonary function tests, laboratory markers of eosinophilic inflammation or fraction of NO in exhaled breath (FeNO)), the diagnosis may be problematic in real clinical practice due to the variability of clinical phenotypes and other possible comorbidities masquerading asthma features. Thus, according to the general definition and diagnostic obstacles, it is not possible to describe asthma as a uniform disease; it should be rather specified as a syndrome defined by clinical, functional and partially also laboratory findings.

Despite the mentioned difficulties, the therapeutic procedures have made tremendous progress. From the time when asthma therapy focussed exclusively on bronchodilation, we moved forward to first inhaled (topical) anti-inflammatory steroids in the 1970s which became nothing less than a therapeutic revolution. However, very rapidly it became clear that not even this therapy was effective in all patients. Apparently, there was still a group of patients (according to some studies about 17% of all patients) whose asthma was not fully controlled despite treatment, even with high-dose glucocorticosteroids use, and who remained symptomatic and tended to experience severe exacerbations. For their asthma, we started to use the term 'difficult-to-treat asthma'. In some patients, the disease cannot be controlled by therapy due to the presence of unrecognized, inappropriately treated or untreated comorbidities or because of poor therapeutic compliance and adherence, or due to incorrect inhalation technique. The rest (about 3.6% of all patients with asthma)^[@bibr3-2058738420942386]^ suffers from bronchial asthma with primary resistance to treatment (severe asthma), defined as a subset of difficult-to-treat asthma (i.e. asthma that is uncontrolled despite adherence with maximal optimized therapy and treatment of contributory factors, or that worsens when high-dose treatment is decreased)^[@bibr4-2058738420942386],[@bibr5-2058738420942386]^. Despite the proportion of severe asthma patients is seemingly low, this group consume a high proportion of healthcare resources in terms of treatment costs and hospital admissions, as well as the wider societal costs of time of work and school.^[@bibr6-2058738420942386]^ Moreover, this burden is present not only in adults but also in children.^[@bibr7-2058738420942386]^

In the second half of the 20th century, there were introduced not only anti-inflammatory therapies with inhaled steroids but also the very first theoretical and experimental concepts for the use of monoclonal antibodies targeting pathogenetically significant mediators, intended mainly for the group of patients defined above. From the 1990s, trials with biotechnologically prepared drugs were carried out, and the first of them (omalizumab, a monoclonal antibody targeting IgE) was approved for this indication by the US Food and Drug Administration (FDA) in 2003 and 2 years later also by the European Medicines Agency (EMA) for the treatment of the most severe forms of asthma.

Remarkably, it was exactly the research of biologic drugs that triggered a new era of personalized medicine (a process of seeking clinical phenotypes and molecular endotypes of asthma). Inclusion of biological therapy (targeting either the IgE molecule -- omalizumab, more recently also IL-5/IL-5Rα -- mepolizumab, reslizumab, benralizumab, or the most recently IL-4Rα -- dupilumab) into the therapeutic algorithms for patients with refractory forms of bronchial asthma became a turning point in their therapy. The use of biologics is since 2015, according to international recommendations by Global Initiative for Asthma (GINA), also indicated even before the initiation of permanent systemic therapy with corticosteroids that have been so far considered as the "ultimum refugium".

Historical view on bronchial asthma pathogenesis and formation of current classification {#section2-2058738420942386}
========================================================================================

At the end of a 17th-century British physician, John Floyer published his compact monography of bronchial asthma which was already unique for the time. He became also the first associating this disease with airway narrowing. Later, in 1892, William Osler morphologically described asthma as a disease based on inflammation. These two basic associations formed two pillars for both the definition and treatment of asthma and their relevance remained undoubted until today. However, later we experienced dramatic development of our knowledge of the causative immunopathological mechanisms of bronchial asthma at the cellular and molecular levels, as well as we better understand their relationship to structural and functional airway defects.^[@bibr8-2058738420942386]^

In spite of the signs of turning definition of asthma slightly away from the causality of in-flammation, which was suggested in the revised document by GINA in 2014 (where asthma is described, for the first time, as a heterogeneous disease usually characterized by chronic inflammation), it is certainly not possible to challenge its role in the rise and development of asthma in any way. This is true also despite accumulating uncertainties regarding the role of inflammation, for example, in the processes of pulmonary remodelling.^[@bibr9-2058738420942386]^ Therapy targeting the destructive processes of airway inflammation therefore in the case of long-term maintenance therapy of bronchial asthma definitely remains superior to procedures affecting 'only' bronchial obstruction. We should also add that therapy based on combinations of drugs with anti-inflammatory and bronchodilator effects can lead to full control of the disease in most (approx. 95%--98%) patients with asthma. As already mentioned above, for the remaining circa 2%--5% of patients with asthma resistant to conventional therapy should be treated by targeted therapies based on the principles of biological therapy. Such treatment is characterized by highly phenotypically and endotypically specific effects.^[@bibr10-2058738420942386]^

The idea of inflammatory phenotypes (sets of all observable characteristics of a specific type of asthma) or endotypes of asthma (the molecular biological mechanism for the formation of the corresponding asthma subtype; the concepts of phenotype and endotype do not have to coincide, one phenotype may contain more endotypes and vice versa) is by no means a matter of the last decades only. However, the most extensive expansion of these diagnostic methods (as mentioned above) was associated with the introduction of biological therapy at the turn of the 20th and 21st century. Crucial preconditions were exponential growth of knowledge about the immunopathogenesis of inflammation in asthma, including, among others, the discovery of subsets of T-helper cells (especially Th1, Th2 and Th17 subsets) in the 1980s, later the improved classification of innate lymphoid cells (ILC, particularly the so-called ILC2 subtype) and last but not least the full appreciation of the regulatory role of other natural immunity cells (e.g. eosinophils and mastocytes) which affects the onset, development and progression of the disease. By the end of the 20th century, the classification stabilized with the concepts of eosinophilic and non-eosinophilic asthma according to the representation of these elements in the airway mucosa or induced sputum.^[@bibr11-2058738420942386]^

For the practical purpose of implementation of pheno- or endotyping of asthma as part of treatment decisions and procedures, it was of course necessary to create some generally acceptable and feasible nomenclature system. That is currently stabilized on the principle of differentiation of patients suffering from eosinophilic inflammatory phenotype to those in whom this inflammation is dominantly regulated with Th2 lymphocytes (usually allergic, eosinophilic asthma, referred to as Th2-high) and those where the dominant role is played by ILC2 cells (usually non-allergic, eosinophilic asthma, referred to as ILC2-high).^[@bibr12-2058738420942386]^ Nevertheless, it is necessary to note that the activity of Th2 and ILC2 cells in allergic or non-allergic inflammation is not mutually exclusive (we can detect the activity of both cell lines in allergic as well as non-allergic asthma; however, the difference consists only of functional disbalance favouring either Th2 in allergic or ILC2 cells in non-allergic asthma), and this differentiation is rather academic (a practically most important feature of allergic asthma is the presence of clinically pertinent atopic reactivity).

The Th2-high and ILC2-high phenotypes may be further combined to a larger group of so-called eosinophilic type-2 high asthma. In contrast, non-eosinophilic phenotypes are analogically referred to as type-2 low, and it is assumed that the regulatory roles in these forms of asthma are taken over by Th1 or Th17 subsets (possibly ILC1 or ILC3 cells),^[@bibr12-2058738420942386][@bibr13-2058738420942386][@bibr14-2058738420942386]--[@bibr15-2058738420942386]^ but their real importance and pathogenesis are rather unclear to the present day. This approach has been anchored in the Czech inflammatory phenotype--based diagnostic algorithm.^[@bibr16-2058738420942386]^

So far there have been only vague ideas regarding the incidence of individual inflammatory phenotypes or endotypes. In the general population of patients with asthma, the incidence of eosinophilic airway inflammation (defined by the increased representation of eosinophils in the induced sputum, that is, type-2 high endotype according to the new classification) is about 41%.^[@bibr17-2058738420942386]^ According to the Belgic registry of patients suffering from severe asthma, eosinophilic asthma occurs in up to 57% patients.^[@bibr18-2058738420942386]^ Increasing severity of eosinophilic asthma is additionally associated with a decreasing proportion of typical allergic eosinophilic asthma (Th2-high) in favour of eosinophilic and non-allergic asthma (ILC2-high).^[@bibr19-2058738420942386]^ It is also highly probable that individual inflammatory patterns have a substantial level of plasticity, either due to therapy, external factors, or the natural development of the disease, and can thus mutually pass one into the other. Repeated examinations in the study by McGrath and Fahy described a stationary elevation of eosinophils in the sputum in only 22% patients with asthma even in patients not treated with inhaled steroids.^[@bibr20-2058738420942386]^

It is also necessary to point out the fact that the borders between anticipated immunopathological mechanisms resulting in specific clinical manifestations are entirely arbitrary.

The role of IgE in the pathogenesis of bronchial asthma {#section3-2058738420942386}
=======================================================

History of the discovery and measurement of IgE molecule {#section4-2058738420942386}
--------------------------------------------------------

The history of the discovery of immunoglobulins of class E begun in the 1960s. At that time, Japanese couple of Ishizaka (then based in Denver, Colorado) and the Swedish researchers Johansson a Bennich in Uppsala simultaneously worked on the discovery of a protein, until that time called reagin. They all hoped for explanation of both the basis of allergic 'Prausnitz and Küstner reaction'^[@bibr21-2058738420942386]^ (already known for more than 40 years) and also the immunological principles of type I hypersensitive reaction and anaphylactic reactions that were traditionally associated with asthma at that time. The whole process was, however, very difficult, mainly because of the exceptionally low levels of IgE in human serum (in tens to hundreds ng/ml, the IgE antibodies representing only about 0.002% of all immunoglobulins, because most of them is very likely bound on cell surfaces, with a biological half-life of approximately 2 days). At the end, it was possible to overcome this difficulty, probably by chance, thanks to the serum of a patient suffering from a very rare type of IgE myeloma.^[@bibr22-2058738420942386]^ In 1968, this molecule was finally officially named immunoglobulin E in the WHO Bulletin.^[@bibr23-2058738420942386]^

The structure of IgE antibodies does not differ significantly from other immunoglobulins; it forms monomers composed of two heavy and two light chains, the heavy chain contains one variable (Vε) and four constant domains (Cε1--Cε4), that is, it contains, similarly to IgM, one domain more in comparison with immunoglobulin classes G, A and D. The interaction between the IgE molecule and its receptors occurs via the Cε3 domain (see [Figure 1](#fig1-2058738420942386){ref-type="fig"}). Similarly, to the IgD and non-aggregated IgA, IgE antibodies also do not fix complement.

![Structure of IgE. IgE antibody structure forms monomers composed of two heavy and two light chains, the heavy chain contains one variable (Vε) and four constant domains (Cε1--Cε4), that is, it contains, similarly to IgM, one domain more in comparison to immunoglobulin classes G, A, and D. The interaction between the IgE molecule and its receptors occurs via the Cε3 domain.](10.1177_2058738420942386-fig1){#fig1-2058738420942386}

Soon after the discovery of IgE, the first evidence was obtained about its direct role in the pathogenesis of bronchial asthma and its connection with skin reactivity to allergen exposition.^[@bibr24-2058738420942386]^ It became apparent that the production of IgE is dominantly regulated by IL-4^[@bibr25-2058738420942386]^ and IL-13,^[@bibr26-2058738420942386]^ and depends, in addition to cytokine microenvironment (signal 1), also on direct interaction between T- and B-lymphocytes through the mediation of bonds between the cell-surface molecules of T-lymphocytes (especially CD40L (CD154) and CD28) with receptors situated on the external membrane of B-lymphocytes (namely CD40 and B7-1 (CD80) or B7-2 (CD86)) (signal 2). It is only the combination of both these stimuli (sometimes also called as 'immunological synapse')^[@bibr27-2058738420942386]^ that initiates both the process of maturation of B-lymphocyte to an active plasmatic cell and isotype switching and formation of this specific immunoglobulin class (see [Figure 2](#fig2-2058738420942386){ref-type="fig"}). Interestingly, both signals can be provided to B-lymphocytes not only by T-lymphocytes but for example also by basophils. Furthermore, though this interaction occurs dominantly in the lymphatic tissue germinal centres, it has also been described in the peripheral non-lymphatic tissues, for example, in airway mucosa in patients with bronchial asthma or in the gastrointestinal tract mucosa in patients with food allergy (so-called local IgE production).^[@bibr28-2058738420942386]^

![IgE production. Production of IgE antibodies depends on cytokine microenvironment (signal 1) and also on direct interaction between T- and B-lymphocytes through the mediation of bonds between the superficial molecules of T-lymphocytes CD40 L (CD154), resp. CD28 and CD40 receptors, resp. B7-1 (CD80) or B7-2 (CD86) situated on the external membrane of B-lymphocytes (signal 2). The combination of both stimuli initiates the process of maturation of B-lymphocyte into an active plasmatic cell and isotype switching and formation of this specific immunoglobulin class.](10.1177_2058738420942386-fig2){#fig2-2058738420942386}

Today it is possible to routinely examine the concentration of total IgE and its specific components targeting particular antigens (mixed or molecular) in the form of specific IgE. The importance of this examination consists especially of the demonstration of atopic reactivity or specific sensitization as part of allergy diagnostics. However, the clinical consequences of known IgE levels are doubtful. Overall IgE levels are also used as a key parameter to calculate the dose of biologic therapy targeting this specific molecule (omalizumab), but in relation to other biologics it probably appears to be ineffective both for the estimate of efficacy and monitoring of treatment effect, which applies both in the case of therapy targeting IL-5 (mepolizumab)^[@bibr29-2058738420942386]^ and IL-13 together with s IL-4 (dupilumab).^[@bibr30-2058738420942386]^ Notably, decline of IgE levels has been described in connection with anti-IL-13 therapy (lebrikizumab),^[@bibr31-2058738420942386]^ but the significance of this dependence is unclear. In general, examination of serum concentration of IgE is therefore currently employed especially as a supportive parameter for Th2-high subtype of type-2 high asthma (in particular associated with IL-4 and IL-13 activity).

A significant increase of total IgE levels related to allergic reactivity occurs especially in patients with atopic eczema, and further (in descending order) in patients with allergic asthma, persistent rhinitis bound to perennial allergens and intermittent rhinitis -- its levels culminate approximately 4--6 weeks after peak of the pollen season. High levels are also measured in patients suffering from allergic bronchopulmonary aspergillosis (ABPA) (serum levels can exceed 1000 kIU/L), and further in most eosinophilic syndromes, especially secondary because of the joint increase of IL-4, IL-13 and IL-5 activities.^[@bibr28-2058738420942386]^

Current view on the general role of the IgE molecule in the pathogenesis of bronchial asthma {#section5-2058738420942386}
--------------------------------------------------------------------------------------------

The physiological role of IgE in the organism has been traditionally associated with anthelmintic immunity, and activity of mastocytes, eosinophils and basophils (to which they are functionally related, especially in term of the early allergic reaction (see [Figure 3](#fig3-2058738420942386){ref-type="fig"}), but is still rather unclear today and also surprising through its comprehensiveness.^[@bibr32-2058738420942386]^ There are also data available supporting the role of IgE antibodies in antitumor surveillance.^[@bibr33-2058738420942386]^

![The early and late phase of allergic reaction. The key elements for the course of the early phase of an allergic reaction are basophils and mastocytes. These cells express large amounts of FcεRI on their surface that bind IgE molecules through the mediation of their Cε3 domains. In the case interaction of the variable part of IgE with a soluble allergen occurs, as well as the so-called bridging of two adjacent IgE molecules, it is triggered the activation cascade inside the cells via intracellular ITAM domains and tyrosine kinases. Activated basophils and mastocytes then rapidly release large amounts of preformed, biologically highly active mediators, such as histamine, heparin and prostaglandins. This reaction usually lasts about 2--3 h. In addition to above-mentioned early phase of an allergic reaction, mastocytes, basophils and other cells (such as eosinophils) can infiltrate the inflamed tissue and produce a number of other substances (the synthesis of which occurs only after their activation, with their levels increasing within minutes to hours after the insult). These other substances include lipid mediators such as cysteine leukotrienes (CysLT) or prostaglandin D~2~ (PgD~2~), or large amounts of cytokines (e.g. IL-4, IL-5, IL-13 and IL-9), all contributing to the overall modulating of the immune system towards Th2 reactivity and subsequently to remodelling. The classical late phase of allergic reaction begins within 4--6 hours and lasts 18--24 hours.](10.1177_2058738420942386-fig3){#fig3-2058738420942386}

To understand the complex effects of IgE both under physiological conditions and, for example, in bronchial asthma it was necessary to discover also the relevant receptor structures responsible for its broad field of action.

Two basic receptors for the IgE molecule are currently known. These are (1) a membrane high-affinity receptor FcεRI (expressed especially on the surface of mastocytes, basophils, smooth muscle cells, and dendritic cells in the form of an αβγ~2~ tetramer and further and in lesser amounts, on the surface of antigen-presenting cells /dendritic cells, Langerhans cells, monocytes, or eosinophils/ in the form of an αγ~2~ trimer)^[@bibr34-2058738420942386]^ and (2) a cellular or soluble low-affinity receptor, FcεRII (CD23, Ca-dependent lectin, first described on the surface of B-lymphocytes and some haematopoietic cells, later also on T-lymphocytes, dendritic cells, alveolar macrophages, eosinophils, platelets, smooth muscle cells or epithelial cells) (see [Figure 4](#fig4-2058738420942386){ref-type="fig"}).^[@bibr35-2058738420942386]^ The relationship between IgE and its receptors is bidirectional; the receptors mediate the biological effects of IgE and are, at the same time, mutually positively regulated.^[@bibr36-2058738420942386]^ It has turned out that the expression of both receptors (the high-affinity FcεRI receptor and the low-affinity FcεRII) in basophils (but also in dendritic cells and monocytes) correlates directly with serum levels of total IgE (that is stabilized by FcεRI),^[@bibr37-2058738420942386]^ the production of FcεRII is additionally increased under the influence of IL-4. The soluble form of the lectin FcεRII results from cleaving the extracellular part away from the membrane-bound form by endogenous or exogenous proteases (that include e.g. the protease of *Der p1* allergen, the main allergen produced by the mite *Dermatophagoides pteronyssinus*), its binding on free IgE antibodies inhibits their biological activity,^[@bibr38-2058738420942386]^ but can also paradoxically stimulate, under certain circumstances, the IgE production.^[@bibr28-2058738420942386]^

![IgE receptors structure. There are two basic receptors for the IgE molecule: (1) a membrane high-affinity receptor FcεRI (expressed especially on the surface of mastocytes, basophils, smooth muscle cells and dendritic cells in the form of an αβγ~2~ tetramer and further and in lesser amounts, on the surface of antigen-presenting cells /dendritic cells, Langerhans cells, monocytes or eosinophils/ in the form of an αγ~2~ trimer) and (2) a cellular or soluble low-affinity receptor, FcεRII (CD23, Ca-dependent lectin, first described on the surface of B-lymphocytes and some haematopoietic cells, later also on T-lymphocytes, dendritic cells, eosinophils, platelets, smooth muscle cells or epithelial cells). Receptor transmembrane signalling and subsequent cell activation are mediated by intracellular domains -- ITAM (Immunoreceptor Tyrosine-based Activation Motif) that are contained in the intracellular parts of β and γ chains.](10.1177_2058738420942386-fig4){#fig4-2058738420942386}

Role of IgE in the immunopathogenesis of asthma as related to cellular structures {#section6-2058738420942386}
---------------------------------------------------------------------------------

We have already mentioned above that the relationship between IgE and its receptors does not consist only in their mutually positive regulation of synthesis but especially in the transfer of corresponding information (resulting from the bond of an allergen to immunoglobulin E) inside the cells carrying the receptor. In this regard, an important role is played by the high-affinity receptor for IgE (FcεRI) that is expressed either in the form of an αβγ~2~ tetramer (on basophils, mastocytes, smooth muscle cells and dendritic cells) or in smaller amounts in the form of an αγ~2~ trimer (on the surface of antigen-presenting cells /dendritic cells, monocytes or eosinophils/), with the β chain significantly enhancing receptor transmembrane signalling and subsequent cell activation thanks to intracellular domains of ITAM -- Immunoreceptor Tyrosine-based Activation Motif that are contained in the intracellular parts of β and γ chains.^[@bibr34-2058738420942386]^ In comparison, we know far less about the processes of signalling of the low-affinity receptor FcεRII; it probably acts as an adhesive molecule and its free form inactivates IgE. However, it becomes apparent that this receptor structure can influence a far broader range of biological processes in the organism, for example, antigen presentation, regulation of growth and differentiation of B- and T-lymphocytes, cellular apoptosis, the release of cytotoxic and anti-inflammatory mediators, and last but not least also the transcytosis of IgE-allergen complexes.^[@bibr39-2058738420942386]^

The IgE molecule is a key element already in the very introduction of the interaction between the airway mucosa and an allergen, thanks to the possibility of transcytosis across the epithelial cells all along from the submucosal connective tissue into the airway lumen. This process is mediated by the low-affinity FcεRII receptor expressed on the epithelial cells in the proximity of the basement membrane. It is very likely that the backward transition of IgE molecules can occur in a very similar manner from the airway lumen into the submucosal connective tissue carrying a bound allergen (see [Figure 5](#fig5-2058738420942386){ref-type="fig"}, part 1).^[@bibr39-2058738420942386],[@bibr40-2058738420942386]^

![Overview of potential roles of IgE in asthma pathology (adapted and modified from).^[@bibr36-2058738420942386]^\
Part 1: The IgE molecule is able to transcytosis across the epithelial cells. This process is mediated by the low-affinity FcεRII receptor expressed on the epithelial cells in the proximity of the basement membrane.\
Part 2: The complexes of IgE molecule with allergen bind to the FcεRI receptor on the surface of the projections of dendritic cells that penetrate from subepithelial spaces up to the airway lumen.\
Part 3: The presence of FcεRI on the surface of dendritic cells is strengthening the processes of antigen presentation to naïve Th-lymphocytes (with their subsequent maturation towards the Th2 subset), up to 1000 times.\
Part 4: The key elements for the further course of allergic reaction mediated by IgE immunoglobulins are basophils and mastocytes that express large amounts of FcεRI on their surface. In the case interaction of the variable part of IgE with a soluble allergen occurs, the activation cascade inside the cells appears and leads subsequently to the early phase of allergic reaction initiation.\
Part 5: Recently, the expression of both receptor types for IgE has been discovered on the surface of smooth muscle cells in the airways. The interaction with IgE molecules leads to a proliferation of the smooth muscle cells and type I, III, VII collagen and fibronectin production during remodelling processes.\
Part 6: Increased expression of FcεRI associated with elevated IgE levels has been shown also on the eosinophils of atopic patients. IgE molecules thus support their survival and inhibit their apoptosis. The complex mutual relationship between IgE molecules and eosinophils is mediated also indirectly, probably through increased production of prostaglandin D~2~ (PgD~2~) by activated mastocytes.](10.1177_2058738420942386-fig5){#fig5-2058738420942386}

Alternatively, the complexes of IgE molecule with allergen bind to the FcεRI receptor on the surface of the projections of dendritic cells (that penetrate from subepithelial spaces up to the airway lumen) (see [Figure 5](#fig5-2058738420942386){ref-type="fig"}, part 2). The presence of FcεRI on the surface of dendritic cells is very likely strengthening the processes of antigen presentation to naïve Th-lymphocytes (with their subsequent maturation towards the Th2 subset),^[@bibr41-2058738420942386],[@bibr42-2058738420942386]^ up to 1000 times, resulting in significant reduction of the triggering threshold for the allergic reaction, already in this early phases^[@bibr43-2058738420942386]^ (see [Figure 5](#fig5-2058738420942386){ref-type="fig"}, part 3). Surprisingly, the IgE molecule is (alone or in combination with activated mast cells) a potent promotor of intestinal ILC2 cells activity in murine model of food allergy.^[@bibr44-2058738420942386]^

It was already mentioned that these Th2-lymphocytes (and at least in part also ILC2 cells) are responsible for the formation of a cytokine microenvironment (IL-4 and IL-13) which is necessary for the maturation of B-lymphocytes, their transformation to antibody-producing plasma cells and isotype switching leading to the production of IgE class antibodies (see [Figure 2](#fig2-2058738420942386){ref-type="fig"}).

The key elements for the further course of allergic reaction mediated by IgE immunoglobulins are of course basophils and mastocytes, that also express large amounts of FcεRI on their surface that bind IgE molecules through the mediation of their Cε3 domains. In the case interaction of the variable part of IgE with a soluble allergen occurs, as well as so-called bridging of two adjacent IgE molecules, it is triggered the activation cascade inside the cells via intracellular ITAM domains and tyrosine kinases Lyn, Fyk and Syk^[@bibr45-2058738420942386]^ (see [Figure 3](#fig3-2058738420942386){ref-type="fig"} and [Figure 5](#fig5-2058738420942386){ref-type="fig"}, part 4). Activated basophils and mastocytes then rapidly release large amounts of preformed, biologically highly active mediators, such as histamine, heparin, and mastocytes further more exclusively release neutral proteases (chymase and serine protease -- tryptase).^[@bibr46-2058738420942386]^ In addition to the mediators mentioned above, mastocytes and basophils can produce a number of other substances (the synthesis of which occurs only after their activation, with their levels increasing within minutes to hours after the insult). These other substances include lipid mediators such as cysteine leukotrienes (CysLT) or prostaglandin D~2~ (PgD~2~), or large amounts of cytokines (e.g. IL-4, IL-5, IL-13 and IL-9), all contributing to the overall modulating of the immune system towards Th2 reactivity.^[@bibr28-2058738420942386]^ The classic rapid phase of allergic reaction mediated through IgE in the airways is thus characterized by increased vascular permeability and oedema, increased expression of adhesive molecules and cellular tissue infiltration, increased production of mucus and increased contractility of smooth muscle cells^[@bibr47-2058738420942386]^ (see [Figure 3](#fig3-2058738420942386){ref-type="fig"}).

However, recently it has become clear that these acute processes developing in the pulmonary tissue are by far not the last effects of IgE molecules. We have already known for some time that activated mastocytes can also affect the long-term remodelling processes through their interaction with smooth muscle cells.^[@bibr48-2058738420942386]^ As a new, relatively recent development, expression of both receptor types for IgE has been discovered on the surface of smooth muscle cells in the airways^[@bibr49-2058738420942386],[@bibr50-2058738420942386]^ and a direct correlation was found between IgE levels and proliferation of the smooth muscle cells and type I, III, VII collagen and fibronectin production^[@bibr51-2058738420942386]^ (see [Figure 5](#fig5-2058738420942386){ref-type="fig"}, part 5). Experimental evidence has also been provided that this effect does not depend on the interaction IgE with an allergen, and furthermore, it can be affected by therapy consisting of the administration of a blocking antibody -- omalizumab.^[@bibr52-2058738420942386]^ Recently it has been demonstrated in vitro that IgE antibodies are able to directly (regardless of antigen presence) affect the activity of smooth muscle cells through increased production of the so-called miRNA (microRNA-21-5p -- single chains of non-coding RNA comprising 21--23 nucleotides that participate in the regulation of gene expression).^[@bibr53-2058738420942386]^

Increased expression of FcεRI associated with IgE levels has been shown also on the eosinophils of atopic patients^[@bibr54-2058738420942386]^ (see [Figure 5](#fig5-2058738420942386){ref-type="fig"}, part 6). It has been even documented that increased levels of total IgE support their survival and inhibit their apoptosis.^[@bibr55-2058738420942386]^ It is believed that the complex mutual relationship between IgE molecules and eosinophils is mediated also indirectly, probably through increased production of prostaglandin D~2~ (PgD~2~) by activated mastocytes. It has been known for some time that exactly this prostaglandin is capable of attracting and activating eosinophils, basophils, but also Th2-lymphocytes and ILC2 cells inside the allergic (as well as non-allergic) inflammation through the mediation of a CRTh2 (DP~2~) receptor.^[@bibr56-2058738420942386],[@bibr57-2058738420942386]^ Affecting of signalling by this receptor thus appears to be a promising way how to effectively step in the pathogenesis of eosinophilic inflammation and its later phases in particular.^[@bibr58-2058738420942386][@bibr59-2058738420942386]--[@bibr60-2058738420942386]^

Possibilities of targeted therapeutic affecting of IgE action {#section7-2058738420942386}
=============================================================

The theoretic concept of the use of blocking antibodies against the IgE molecule appeared in the middle of the 1980s (almost 20 years after its discovery).^[@bibr61-2058738420942386]^ Less than 10 years later, the effects of this blockade were successfully clinically confirmed in the first clinical trial (antibody CGP51901, omalizumab).^[@bibr62-2058738420942386]^ As a result of an unprecedented success in registration studies,^[@bibr63-2058738420942386][@bibr64-2058738420942386]--[@bibr65-2058738420942386]^ this molecule was approved by the FDA in 2003 for the treatment of severe forms of bronchial asthma, and later earned approval in the European Union as well by EMA (European Medicine Agency) and became the first drug, matching the characteristics of a biologic drug, used for the treatment of bronchial asthma.

Omalizumab is a humanized antibody derived from recombinant DNA (IgG~1~, κ), targeting the Fc fragment of IgE molecules (domain Cε3). Generally, it is possible to say that bond of omalizumab on the IgE molecule prevents mainly its subsequent bonding on the corresponding high-affinity FcεRI receptor found particularly on the surface of mast cells and basophils (resulting in inhibition of their degranulation within the early phase of allergic response).

As was demonstrated above, the biological effects of the IgE molecule are very broad and that is why the impact of its blockade is far more complex. From the view of immunopathogenesis of asthma, omalizumab interferes with the processes of mutual interaction of IgE antibodies with both receptors, and in addition to affecting early phase of allergic reaction. However, very probably omalizumab influences also late phases of allergic reaction and the complex processes of airway remodelling.^[@bibr52-2058738420942386],[@bibr66-2058738420942386]^ Omalizumab furthermore (1) reduces the levels of the free fraction of IgE^[@bibr67-2058738420942386]^ (while it paradoxically increases the levels of total IgE (up to 5 times) as a result of increased stability and extended biological half-life of the bound molecules)^[@bibr68-2058738420942386]^ and, at the same time, (2) inhibits the expression of FcεRI on the surface of mast cells, Langerhans cells, eosinophils and basophils, indirectly reducing their reactivity to allergenic stimuli.^[@bibr69-2058738420942386]^ In addition to that (3) omalizumab also decreases the surface expression of IL-4R and germline Cε mRNA levels of B-lymphocytes which together reduces their responsiveness to antigenic stimulation and further the production of IgE.^[@bibr70-2058738420942386]^

Interestingly, there was not registered a direct effect of omalizumab on circulating ILC2 cells, basophils and myeloid dendritic cells (mDC) in long-term treated asthma patients.^[@bibr71-2058738420942386]^ Although the effect of omalizumab is manifested also as the strengthening the production of interferon α (IFNα) which leads to increased antiviral immunity and reduced tendency to exacerbations induced by viral infections,^[@bibr72-2058738420942386]^ plasmacytoid dendritic cells (pDC, a potent source of type I interferons) seem to be lowered. In this view, the low number of these cells may be considered as a cellular biomarker of low risk of exacerbations and of good disease control.^[@bibr71-2058738420942386]^

Last but not least, it should be mentioned that treatment with omalizumab has great treatment potential in conditions with evidently non-allergic aetiology, such as chronic idiopathic urticaria resistant to therapy with antihistamines^[@bibr73-2058738420942386]^ and to chronic rhinosinusitis with nasal polyps (CRSwNP).^[@bibr74-2058738420942386]^ At present, two phase III studies have been registered at ClinicalTrials.gov, NCT03280550 (POLYP 1) and NCT03280537 (POLYP 2) with extension NCT03478930. Results are still awaited.

A meta-analysis of seven controlled trials with omalizumab has confirmed the clinically significant effect of therapy of severe asthma -- results demonstrated reduced rate of exacerbations by 38% in comparison with placebo, in spite of reduced overall corticoid dose. Furthermore, it was indisputably demonstrated that patients treated with omalizumab experience reduced rates of physician and emergency room visits and hospital admissions because of exacerbations.^[@bibr75-2058738420942386]^ Increased availability of omalizumab after its approval made it possible to observe its effect in real-world clinical practice in adults (e.g. real-world data trials PERSIST,^[@bibr76-2058738420942386]^ eXpeRience^[@bibr77-2058738420942386],[@bibr78-2058738420942386]^ or for example in local Czech CAR (Czech Anti-IgE Registry) registry)^[@bibr79-2058738420942386]^ as well as in children,^[@bibr80-2058738420942386][@bibr81-2058738420942386]--[@bibr82-2058738420942386]^ -- these observations confirmed the real impact of this treatment on patient quality of life.

Last but not least, it is certainly worth mentioning that omalizumab has shown its efficacy, in the sense of the reduction of exacerbations and improved physician's overall assessment of clinical response, GETE (Global Evaluation of Treatment Effect) -- these results were demonstrated regardless of the baseline counts of eosinophils as was shown in a 12-month retrospective, observational real-world trial STELLAIR.^[@bibr83-2058738420942386]^ Favourable effect of omalizumab (in the sense of reduced rates of exacerbations and hospital admissions, and improvement in the asthma control test) was further described in the 48-week prospective observational study PROSPERO,^[@bibr84-2058738420942386]^ regardless of the baseline eosinophils counts and fractional nitric oxide (NO) concentration in exhaled breath (FeNO). This characteristics distinguishes omalizumab from other biologic products, since it seems that except the demonstration of atopic reactivity with bond to a perennial allergen, there is no other limiting pheno- or endotypic classification of the patients to predict therapeutic effect.^[@bibr85-2058738420942386]^

Finally, it seems plausible that therapy targeting IgE may influence the natural history of the disease and potentially the remodelling process as well.^[@bibr66-2058738420942386],[@bibr86-2058738420942386][@bibr87-2058738420942386]--[@bibr88-2058738420942386]^ All these facts open up the question of conceivable sustained effect of omalizumab after its cessation.^[@bibr89-2058738420942386]^ One long-term study has highlighted the possible role of anti-IgE therapy in improving the course of asthma, with clinical improvements that were still seen 3 years after long-lasting (6 years) treatment withdrawal.^[@bibr90-2058738420942386],[@bibr91-2058738420942386]^ However, other clinical observations suggest an increased risk of severe asthma exacerbation already during the first year after omalizumab discontinuation or even upon dose reduction.^[@bibr92-2058738420942386][@bibr93-2058738420942386]--[@bibr94-2058738420942386]^ Busse et al. performed a Phase IV multinational randomized, placebo controlled clinical trial (XPORT) primarily aimed to evaluate the persistency of response to omalizumab in moderate-to-severe asthma patients (52 weeks after omalizumab therapy discontinuation). Preliminary results showed that nearly 40% of the patients remained free of severe asthma exacerbation after 1 year of discontinuing long-term omalizumab treatment.^[@bibr95-2058738420942386]^ Definite results confirmed the existence of a substantial group of responders who tend to benefit from therapy, despite the adjusted odds ratio (age, sex, ICS use) of continuing omalizumab treatment for risk of acute exacerbation was 0.44 (95% CI 0.23--0.82).^[@bibr96-2058738420942386]^

Conclusion {#section8-2058738420942386}
==========

The IgE molecule is the latest defined immunoglobulin class, discovered more than 50 years ago. However, we are still discovering new and surprising facts about its very complex role in the organism, both under physiological and pathological circumstances. The same applies in the case of therapy targeting this antibody, which is currently indicated for allergic forms of severe bronchial asthma or chronic idiopathic urticaria.

However, as it was demonstrated above, it is very likely that anti-IgE therapy affects also processes that do not have to be causally associated with allergy. It is supported, for example, by clinical data demonstrating its very effective use in the non-allergic diseases, like in the above-mentioned chronic idiopathic urticaria and promisingly in the future in chronic rhinosinusitis with nasal polyps (CRSwNP). Moreover, there are many still not-resolved questions regarding its plausible disease-modifying and long-lasting effect sustaining despite treatment cessation. We are also lacking reliable biomarkers depicting patients with best treatment response. Nonetheless, it seems that exactly the broad range of IgE roles currently guarantees very well-established position of anti-IgE therapy in the cases of refractory forms of bronchial asthma.

Discussion, review of study limitation {#section9-2058738420942386}
======================================

The aim of this review was to analyse our theoretical and practical knowledge through the prism of more than 10 years of experience with using omalizumab for severe allergic asthma treatment. The scope of our work was limited by our expertise in the treatment of severe asthma patients in National Centre for Severe Asthma and therefore we did not closely discuss the clinical application of omalizumab in chronic idiopathic urticaria or in other still not approved indications, like in chronic rhinosinusitis. We focused especially at the clinical (and less biological) impact of omalizumab treatment in the light of our practice. We hope, this point of view may be helpful for other specialists dealing with a similar topic.
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